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ABSTRACT

This talk is devoted to a brief review of the experimental pro-
gram for the new generation of multi GeV continuous beam electron
accelerator facilities. First, the kinematic variables used in elec-
tron scattering are reviewed, three experiments which are represen-
tative of previous work in this field are described, and some com-
parisons are made between electron and hadronic probes. The main
part of the talk then describes seven experiments proposed for the
future. These are concerned with the structure of light nuclei, the
structure of mesons and baryons, the influence of the nuclear medium
on hadreonic interactions, and the weak interactions.

INTRODUCTION

Most previous work in nuclear physics with electrons, at least
in the region of energy from several hundred MeV to several GeV, has
involved the use of pulsed beams. Usually in this situation only
one of the particles in the final state is detected, and this is nor-
mally the scattered electron. When the scattering is elastic, the
quantity which is measured is referred to as the form factor, and its
Fourier transform is usually interpreted as the charge or magnetic
moment distribution of the target nucleus. Transition form factors,
in which the scattering is to a definite final state not identical
to the initial nuclear state, have also been measured and programs of
such measurements have enabled us to learn a great deal about nuclear
shell structure. When the scattering is to the nuclear continuum,
the quantities measured are referred to as structure functions, and
their study gives us important information about nuclear excitations
and the degrees of freedom which are important in nuclear structure.

The new generation of electron accelerators, such as the 4 GeV
Continuous Electron Beam Accelerator Facility (CEBAF) and the 1 GeV
Bates-MIT proposal, will provide a continuous electron beam. This
will make it possible to make measurements in which both the scat~
tered electron and hadronic particles from the shattered nucleus are
measured in coincidence. As I will describe below, coincidence ex-
periments give information about many new quantities such as single
particle densities and two-body correlations.
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The kinematics for single-arm
measurements in which only the
scattered electron is detected
are shown in Fig. 1. There are
three variables: the energies
of the incoming and outgoing
electrons (E and E'}, and the
laboratory scattering angle 8.
Only two combinations of these
three variables are needed to
describe the unknown strong
vertex; the dependence on the
third variable, €, is given by
the electromagnetic interaction
with the point-like electron,
which is knowm exactly. One of
these two hadronic variables

is QZ, the square of the 4

Fig. 1. Kinematics of single arm momentum transferred by the
electron scattering. electron,
Q? = —q%® = 4EE'sin?8/2 )

and the other is either v the energy lost by the electron in the
laboratory system, OT W the square of the invariant mass of the
final hadronic state
q°P
YV o= —T- = E_E'

My
=M§-Q2+2MT\) (2)

where is the target mass. If the scattering is to a definite fi-
nal state with a fixed mass W2=M*?, then the hadronic part of the

cross section depends only on one variable, Qz.
When the scattering is elastic, so that the nucleus remains in

its ground state, the differential cross section is given by

wZ

49 - oyfE) (a@®) + B(@H)ran® ] 3)

where the scale is set by the Mott cross section

cos (58) (4)
(ZE) sin*(18)

where o is the fine structure constant. For inelastic scattering it
is customary to define the doubly differential cross section

2
49 - Oy Wy (Q2,v) + 21 (%, W)tan’]] )



where W, and W, are the structure functions which contain all the
hadronic information.

Figure 2 gives some feeling for how a typical structure function
depends on the two variables v and Qz. Note that when the momentum
transfer Q is non-zero, but is much smaller than the inverse of the
nuclear radius, R, the principle features of the excitation spectrum

are elastic scattering and excitation of the giant resonances. As Q
is increased, the elastic peak moves according to the relation
& |
V= (6)

ZMnucleus

and higher lying states of the nucleus are more strongly excited.
Finally, when the momentum transfer is much larger than the inverse
' of the nuclear radius, transi-
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tions in which the final nucleus
is in its ground state or a low-
lying excited state become sup-
pressed, and the major feature
is quasi-elastic scattering
from the individual nucleons in

* ’/ the nucleus. As shown below,
Excited States . in Fig. 6, at much higher Q?
J,,__,/““/\j\\J ] even quasi-elastic scattering
. ‘ becomes suppressed and one sees
! the scattering from individuzl
quarks which make up nuclear
matter. _

Figure 2 shows that by
varying Qzuand Vv, a wide wvariety
of nuclear phenomena can be
A studied. Elastic scattering,
which fixes Vv according to
Eq. (6), gives us the elastic
form factor of the auclear
ground state. For a spin zero
target, such as “%ca, the struc-
ture function A(Q%) is equal to
the square of the nuclear form factor, F(Q). If relativistic effects
are ignored, then the form factor can be related directly to the
nuclear charge distribution by

Fig. 2. A typical excitation func-
tion for electron scatter-
ing for three different

regions of Q.

o(r) = f0%Qs, (F) F@ )

where j, is the spherical vessel function of order 0 and the factors
of T have been omitted. Figure 3, taken from an old conference talk
by Sick’, shows the world's data on elastic scattering from “OCa.
These measurements, which in this case extend over 12 orders of
magnitude, are typical of the high precision which can be attained
with electron scattering. The numerical Fourier transform of the
data leads to the charge distribution shown in Fig. 4, which also
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Fig. 3. The differential Fig. 4. 7Two theoretical charge distri-

cross section for elec- butions compared with the model inde-
tron scattering from pendent result obtained from Eq. (7).
490

Ca.

includes a comparison with two theoretical calculations. This sort
of comparison between theory and experiment has been carried out on
a large number of nuclei, and is an important source of our theoreti-
cal understanding of nuclear structure.

By letting v be slightly larger than the value given by Eq. (6},
it is possible to probe transitions to low-lying excited states. Fig-
ure 5, taken from reference 2, illustrates this class of measurements.
In this example, the final pn system has a center of mass energy in
the range from 0 to 3 MeV, so the electromagnetic transition is from
the initial deuteron to a final state which is largely 1Sa. As the
curves show in the figure, this measurement is famous for showing that
the non-relativistic impulse approximation fails completely, and that
meson exchange or relativistic effects are essential for explaining
the data. The recent data is at Q° sufficiently high so that details
of the meson exchange effects can be studied. An extensive program
of measurements of this kind on nuclei throughout the periodiec table
has been carried out at Bates,

As a final example of single arm electron scattering, the proton
structure function VW, measured at SLAC in the early 1970's is shown
in Fig. 6, taken from the Barnes Committee Report®. Here the struc-
ture function is plotted as a function of the two variables, Q?, and
a dimensionless scaling variable, w', obtained from the ratio of
W2/Q?. The figure shows clearly the electromagnetic excitation of
three nucleon resonances: the A(1232), N¥ (= 1500) and N¥ (= 1650).

-l



The dashed line just above

the N* peak is the line

with fixed W=2 GeV. Above
CEUTERIUM this boundary, individual
ELECTRODISINTEGRATION resonances begin to dis-
appear and the structure
function assumes a feature-
less shape which becomes a
universal function of the
scaling variable w', inde-
pendent of Q2. This lack
of dependence on Q? tells us
that the electrons in this
region are scattering from
the point-like quark con-
stituents, and it follows
that the disappearance of
the resonance peaks and the
emergence of the smooth
scaling behavior is a sig-
nal of the transition from
a region where the physics
is dominated by collective
quark degrees of freedom
(or excited baryon and meson
clusters) to one where indi-
vidual quark degrees of
freedom emerge as the

.Io-ll.

10°%%

Ry = 0,48 fm
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Fig. 5. Differential cross section
for D(e,e')pn. The dashed line
labeled IA is the non-relativistic
impulse approximation; the others
include various meson exchange

contributions.
dominant effect. Fig. 7 on 8 N N wi2Gev
shows that this entire ' ~,
. . rw,
transition region can be 02

studied with a 4 Gev
electron accelerator, o
and is one of the prin- 0
ciple reasons for se-

lection of 4 GeV for the

energy of the CEBAF pro- o (Gevrc)?
ject,

I will return to a
discussion of programs A 50 T 0.0
proposed for the new , wi
generation of continuous Q
beam electron accelera-
tors in a moment. I
now turn briefly to Fig. 6. The proton inelastic structure
another topic. function W, shown as a function of Q?

and the scaling variable w'.

Scatiering
from

individual
quarks is chis reglios
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Fig. 7. The part of
the surface shown
in Fig. 6 which is
accessible with
4 GeV electrons.

COMPARISON WITH HADRONIC PROBES

Perhaps the most striking difference between the electron and
hadron probes is that the electromagnetic interaction is much weaker
than the strong interaction. The fine structure constant is two
orders of magnitude smaller than typical meson~baryon coupling con-
stants, and at least one order of magnitude smaller than the quark
gluon coupling constant in the region of momentum transfers relevant
to nuclear physics experiments. One of the major consequences of
this fact is that the interaction of the electron with the nucleus is
basically perturbative in the sense that it is sufficient te treat
the electron-nucleus interaction in the one-photon exchange approxi-
mation, as shown in Fig. 8. (For nuclei with large Z, one uses dis-
torted waves for the initial and final electron, which takes into
account the major effects of the higher order Coulomb interactions.)
The situation with hadronic probes is, of course, quite different;
nobody would dream of treating the proton-nucleus interaction in the
one-pion exchange approximation as shown alsoc in Fig. 8., One of the

between electron and proton
scattering is that the depen-
dence of the total amplitude

(a) is known in electron scattering;
the hadronic interaction de-
pends non—triviallg on three
whereas the electron scattering

consequences of this difference
e
HAQ:H M é W on the Mandelstam variable s
P-u—r"“\i-—- variables s, t=-Q° and W3,

M S W M. W

. amplitude depends on only two
{b) of these, The separation into
longitudinal and transverse
_ parts, which is so commonly dis-
Fig. 8. (a) Electron nucleus and cussed in electron scattering,

(b) proton nucleus scattering
diagrams.

-H=

has no direct analog in reac-
tions involving hadrounic probes,



Another consequence of the fact that the electron interacts weakly
with nuclei, which is not an advantage, is that the counting rates
in electron scattering experiments are very low.

There are several other differences between electrons and hadrons
as probes, which are a consequence of the fundamental difference be-
tween electrons and quarks. The electron is fundamentally different
from a proton or a pion, and retains its identity throughout the in-
teraction., This means that one does not need to anti-symmetrize the
amplitudes as in the case with proton probes. At the most fundamen-
tal level, the electron interacts only with charged particles; it
sees quarks only and does not interact directly with gluons. The
quark, which is the constituent of all hadronic probes, interacts both
with quarks and gluons as illustrated in Fig. 9. Unfortunately,
neither interaction is very simple because of higher order effects
which cannot be neglected at the momentum transfers one encounters in
nuclear physics. Because of these fundamental differences between
electron~-nucleus and hadron-nucleus interactions, it is important
that the nuclear physics community have a variety of probes available
for the study of the nucleus. Electrons "see" quarks only, while
hadrons "sze" both quarks and gluons, so they are truly complementary
probes.

[ I | ==
S i {%f{}

Fig. 9. (a) Electron nucleus and (b) proton nucleus scattering dia-
grams at the quark level,

PROPOSED PHYSICS PROGRAM

I now turn to a brief overview of the physics program currently
planned for the new generation of high energy high duty factor elec~
tron accelerators®’. I will focus principally on the program planned
for CEBAF, although a fraction of this program could also be carried
out with the lower energy project planned at Bates. The CEBAF pro-
gram is continually under review by user working groups‘and will cer-
tainly evolve before the accelerator is finished in 1991 or 1992.

- The specific experimental programs proposed fall into four ma-
jor categories:



(i). Structure of Light Nuclei - including measurements of
wave functions, study of the role of color degrees of
freedom, and, for example, separation of the deuteron
monopole and quadrupole form factors.

(ii). Structure of Mesons and Baryons - including measurements
of the kayon and neutron form factors, and study of the
vector mesons and excited baryons.

{(iii). Influence of the Nuclear Medium on Hadronic Interactions
- including study of the A propagation through a nuclear
medium, NN correlations through the (e, e'NN) reaction,
production of hypernuclei by the (Y,K) reaction, and
influence of the nuclear medium on the hadronization of
quarks. '

(iv). Weak Interactions - including study of parity violating
effects in eN scattering and use of nuclei toc test the
standard model.

The long range goal of the CEBAF is to study the clustering of quarks
in the nuclear medium, the role of color degrees of freedom in nuclei,
and non-perturbative aspects of QCD.

1. Structure of Light Nuclei

I will begin with a typical coincidence experiment in which two
particles in the final state, the scattered electron and an outgoing
nucleon, are measured simul-
taneously. Such (e,e'N)
measurements contain impor-
tant new information not E"\ p
obtainable from single arm N
measurements. If meson ¢ £10)
exchange effects or final ‘
state interactions are small, g/
the electromagnetic inter- [
action could be calculated !
from the diagram shown in
Fig. 10. The triply dif-
ferential cross section ob-

tained from this diagram is Fig. 10. The simplest
given by Feynman disgram describ-
ing (e,e'p) scattering.
d’c 2 1
WdEras O [F@|*|¥e-5 @? (8)

where, as usual, the scale of the overall cross section is set by the
Mott cross section, F(Q) is the form factor of the nuclear constitu-

ent, and w(p-"%-Q) is the relativistic wave function of the struck

nucleon. The wave function depends on the relative momentum of the
struck nucleon with respect to the other nuclear constituents, and,



as can be seen from Fig. 10, is related to the covariant vertex func~
tion in which the struck nucleon is off-shell and the other nucleons
and the initial nuclear system are on-shell. Eq. (8) shows us, there-
fore, that such measurements can in principle give us a direct mea-
surement cf the square of the relativistic wave function, (In prac-
tice, of course, final state interactions and meson exchange effects
introduce corrections to this simple picture which may be significant)
For comparison, the same simple theory gives the following ex-

pression for the single arm cross section '

Ao L5, [F_(Q) | 2fd2 v, (p-2 Q) |2 (9)
FaET ~ pM'TB PlvgiP=3

This expression differs from Eq. (8) in two important respects.
First, the direction of the momentum of the final struck particle is
integrated over, which means that the expression will always be domi-
nated by that part of the phase space where the relativistic wave
function has a maximum, making it difficult to measure the wave func-
tion in regions where it is small. A second difference is the sum
over B, where B labels the different Fock space components of the
wave function. In cases where we wish to study a particularly small
Fock space component, such as the AA contribution to the deuterom, it
is a distinct advantage to be
able to look at the final had-~
ronic particles and use them as

w0 4 a means to select against the
larger Fock components,
dle.e’pin A program of such measure-
e -500MeV ments has already been started

at Saclay. Fig. 11, taken from
reference 7, shows the results
of (e,e'p) measurements from
the deuteron. I have added to
the figure a curve which shows
g roughly how the momentum dis-
tribution would fall if the
Hulton. Tamiguen deuteron had only an S5 state;
‘ clearly, the data is very sen-
[ W Beud soft core sitive to the D state compo-

X\ ' nent which in turn is a mea-
sure of the strength of the
tensor force.

8 83)
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prebability of the models
shown is HY (7%), RSC (6.5%),
Paris (5.46%), and

HM (4.327%).
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Fig. 12. Separation of the 2- and
3~body final state by missing
energy.

Similar results have been
obtained for the 3-body system
from Saclay ’He(e,e'p)d and
iHe(e,e'p)np data®. Fig. 12,
taken from reference 8, shows
how the 2- and 3-body contri-
butions can be separated from
one another, and Fig. 13 shows
the momentum space dependence
of each of these separate Fock
components. At CEBAF we will
be able to extend these mea-
surements to much higher wmomen-
tum transfer, and to study more
exotic processes.

An example of such an
exotic process is the N*(1688)p
component of the deuteron wave
function?. The idea here is to
separate the pre-existing N*p
component of the deuteron wave
function, shown in Fig. l4a,
from other contributions which

could give rise to the same final state. These are photo-production
of the N*, shown in Fig. 14b, and production of the N* in a final

state interaction, shown in Fig. lé4c

With a 4 GeV CW electron

accelerator, one has sufficient energy to choose the kinematics so

e (eeplpn
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Fig. 13. Momentum density distributions for (a) the 2-body, and (b)
the 3-body sectors in inelastic electron scattering from He.
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that the momentum of the spectator nucleon cannot be less than 350
MeV/c and that the kinetic energy of the final state N*p system is
bigger than 175 MeV., The first condition ensures that the N* wave
function is comparable to the D state component of the deuteron, both
of which tend to peak in the vicinity of 350 MeV/c and are larger

than the S state wave function at these high momenta. The second
condition ensures that final state interactions will be kept to a
minimum. In reference 9 it was found that pre-existing N*p components
as large as 0.1% could be measured in this way.

N#¥

N#*

{a)

Fig. 14. Feynman diagrams for (a) knockout of a pre-existing N*,
(b) electro-production of the N*, and (¢) production of
the N* by final state interactions.

As a last example of measurements involving the structure of
light nuclei, I discuss the deuteron form factors. The deuteron,
being a spin 1 system, has three form factors: the electric monopole
GC , the electric quadrupole Gq, and the magnetic GH form factors.

Single arm measurements with unpolarized particles can measure only
two combinations of these three quantities

2y _ 2 . 8 2.2 .2 .2
AQQ%) = G, + g GQ + 3nGy )
o . n =4 (20)
B(Q°) = gn(1+n)GH 4y

The A structure function was measured to high Q® some time ago and

the B structure function has recently been measured at Saclay, and

will soon be measured to high Q by the new NPAS facility at SLAC,
To separate GC and G, from one another requires some spin mea-

Q

surement; one way is to carry out a polarization transfer measurement
in which the polarization of the electron is transferred to the re-
coiling deuteron whose polarization is measured in a second, analy-
zing scatteringlo. A second, equivalent, method is to scatter polar-
ized electrons from a polarized deuteron target. The first method
requires the construction of a deuteron polarimeter, and is much more
easily carried out on a high duty factor accelerator. Since it is

—71=



difficult to maintain the polarization of the target in the presence
of the intense electron beams required for these measurements at

high Q?, the second measurement probably requires the construction of
an internal target facility, in which a circulating electron beam of
very high current interacts with a gas jet of polarized deuterons.
Both Bates and CEBAF will have stretcher rings which are necessary
for the construction of such a facility.

2. Structure of Mesons and Baryons

A program of photo-production of excited baryons and a proposal
to measure the electric form factor of the neutron will be discussed
in this section.

The spectrum of mesons and baryons continues to be a fundamental
testing ground for non-perturbative QCD. Om the whole, simple quark
models do a very good job describing the spectrum of baryomns, but in
the mass region around 2 GeV a number of states are predicted that
are not seen in w-nucleon scattering. One reason for this, which is
also suggested by the models themselves, is that such states may not
couple significantly to the TN channel; they may decay predominantly
into such channels as Am, Np, and Ny. In such cases we could expect
to photo-produce these states and observe their decay into the Nww
channel, Specific examples11 of such states which are expected to
behave this way are the F15(1955), Pl3(l955), F15(2025), and the

F35(1975). Experiments to study these states using a tagged photon
béam and a Large Acceptance Detector (LAD), which would detect most
of the final state particles, appear to be feasible.

The neutron electric charge form factor, G, , is one of the
fundamental quantities in physics and is very poorly known; the low
Q2 data has large statistical errors and large unknown systematic
errors and there is no data at Q2 greater than l(GeVlc)z. This is

particularly seri-
ous because a know-
ledge of G, is
G2 1 R needed before one
i o7 can extract infor-
E mation about nu-
ooal- clear structure from
i [ & a8 high Q®> measurements
| on simple nuclei.
Qo4 H 0.9 Fig. 15, from refer-
2 I LO ence 12, shows that
't G, is also sensi-
. tive to quark model
0 15 parameters.
3] w2 Straight for-
ward measurement of
G_, by Rosenbluth
En ]
s€paration is very
Fig. 15. Data on G_ compared to predictions difficult because
from quark bag mgﬁels with different radii, its contribution to

0 te ) |
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2

T = T , where it
aM?

is always dwarfed by the magnetic form factor. The best way to
measure G, is with a spin measurement; either a polarization transfer
measurement in which the electron polarization is transferred to the
recoiling neutron'® or a spin correlation experiment in which the
polarized electron scatters from a polarized neutron {(i.e., deuteron)
target. In the former case the double scattering cross section is

given by

the A structure function enters as G; + TG; R

d’¢ _ d% . )
and, = aam; o (1 20ehy 10t b

where a 1is the polarization of the electron, A 1is the analyzing
power of the secondary scattering, and ¢, is the’ azimuthal angle
through which the neutron 1s scattered. The polarization transfer
coefficient P, is proportional to the product of GEGM

- - 23
Iopx = I°KLS = 21(1+T)GEGMtan(2 a8) (12)

where 1, is proportional to the unpolarized cross section. These
experiments are very difficult, but they have the advantage of giving
a signal directly proportional to GE'

3. Influence of the Nuclear Medium on Hadronie Interactions

While electron energies as high as 1 GeV are not required for
many experiments which probe the structure of heavy nuclei, there are
some very important classes of measurements which require energy in
excess of 2 GeV. Two such measurements, which look very promising,
will be described.

Two nucleon knockout,
through the process (e,e'2N)
appears to be a very promising
way of studying nucleon-nucleon
correlations. Several kinematie
configurations can be devised
for observing the two outgoing
nucleons. In one casela, the
two nucleons come out parallel
to each other, and are detected
in a single spectrometer. If
the two outgoing nucleons have a
large momentum with respect to
Fig., 16. Simplest Feynman diagram the rest of the nucleons in the

for knockout of two colinear aucleus, final state interac-
nucleons. tions will be reduced, and ome -

' hopes that the process will be
dominated by the diagram shown in Fig. 16. The multiply differential
cross section obtained from this simple diagram is proportional to
the probability that the two nucleons detected in the final state

-13-=



1 . .
had initial momentum p, and p,. If p = E{p1~p2 ) is the relative

momentum between these two nucleons, then the cross section is di-
rectly proportional to the square of the momentum space correlation
function, which is a function of the quantity p. Initial estimates
suggest that these measurements require electron energy in excess of
3 GeV, high duty factor and intense beams.

Another program which looks very promising for the study of
nuclear structure is the production of hypernuclei by the (Y,K) reac-
tion!". Figure 17a shows the basic process by which the hypernucleus

\ | is formed. This is
S oy DO to be compared with
o C¥5+‘t “:A the process by which
!

hypernuclei are

\ formed using K~
A-t beams, shown in
Fig. 17b, One of
L the advantages
which the (y,X)

dk tons reaction has over
the conventional
(K= ,7~ ) reaction
is that both the

ib)

Fig. 17. (a) Elementary mechanism for the photon and the K+
production of hypernuclei by the (¥,K) are very weakly
reaction.. (b) Similar diagram for the interacting par-
production of hypernuclei by the (K~ ,m~) ticles, so that the
reaction.. initial and fimal

state interactions
tend to be fairly small and can be regarded as corrections to the
basic process, Fig. l7a. This is not the case for the (K~ ,m7)
reaction, where initial and final state interactions are very large
because both the K~ and the T~ interact strongly. T7T. W. Donnelly,
who has popularized these studies, likes to emphasize the fact that
the strong interactions of the K~ and W~ probes would make it im-
possible to deposit a A particle in the center of lead, whereas this
can be done with photons. Another difference between the (Y,K) reac-
tion and the (K~ ,7~ ) reaction is that the former will excite both
unnatural and natural parity states, whereas the latter will strongly
excite only natural parity states. This program would be an ex-
citing, totally new way to study hypernuclei, but it represents a
very serious challenge to those building the experimental equipment.
High resolution spectrometers (Ap/p==5x10'5) are essential if the
program is to achieve its maximum potential, and the short flight
path of the kayon may pose special difficulties in the design.

4. Weak Interactions

The study of parity violating effects in electron scattering is
a good way to study the weak interactions. Any parity violating
asymmetry, such as

et



g -0

L R
A= — (13)
o, *+ o

where UL and UR are the total cross sections for left~-handed and

right-handed electrons, respectively, measures the interference be-
tween the one photon exchange diagram and the exchange of the z°.
Since the one photon exchange diagram falls off as 1/Q?, while the z°
diagram is approximately constant in Qz, the asymmetry grows as Qz.
However, since the total cross section falls as Q"“, the "figure of
merit" for asymmetry measurements, AY0 , is independent of Qz, so that
"the weak interference term can be studied over a wide range in Q2.

A number of interesting tests of the standard model have been pro-

posed“??,

Planning for the experimental program at CEBAF will be a con~-
tinuing process for the next five or more years. The immediate
activities we look forward to are the 1985 Summer Workshop, to be
held from June 3-7, followed by a three month Summer Study Group
which will meet at the Newport News site. Activities will continue
through 1985-86, and more programs will be planned for the summer of
1986. The CEBAF management welcomes the participation of users from
all sub-fields of nuclear physics; do not hesitate to join the users
group and participate in these activities, even if you have never
seen an electron before!
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